Objective To determine the proportion of infant deaths occurring in the setting of a confirmed genetic disorder. Study design A retrospective analysis of the electronic medical records of infants born from 1 January, 2011 to 1 June, 2017, who died prior to 1 year of age.
Introduction
Infants with genetic disorders, including chromosomal abnormalities (aneuploidy syndromes or chromosomal deletion or duplication disorders) and monogenic Mendelian disorders (caused by variants in single genes), contribute considerably to mortality in neonatal intensive care units (NICUs) [1] [2] [3] [4] [5] [6] . In the United States, major congenital malformations, affecting~2% of births [7] , are also reported to be the leading cause of infant mortality [8, 9] , though the underlying etiology of these malformations may or may not be genetic. The overlapping contributions of genetic disorders and congenital malformations to neonatal and infant mortality have previously been estimated at 20-50%, depending upon the population examined, although these figures are in many instances calculated in the absence of comprehensive genetic testing and have relied upon clinical diagnoses instead, therefore likely underestimating the proportion of infants with a pathogenic molecular or cytogenetic aberration [1, 2, 5, 6, [8] [9] [10] [11] [12] [13] [14] . As such, the true contribution of genetic disorders to neonatal and infant mortality is not fully understood.
As increasing use of massively parallel sequencing techniques, particularly exome sequencing (ES), has resulted in heightened awareness of monogenic conditions presenting in infancy [15] [16] [17] [18] , it is likely that the known contribution of genetic disorders to infant mortality will continue to increase. Without fully recognizing the contribution of genetic disorders, particularly Mendelian disorders, to infant mortality, adequate efforts toward reducing infant mortality cannot be made. We therefore sought to characterize the genetic evaluation and diagnostic yield of genetic testing for infant mortality cases identified within our institution.
Materials and methods
We identified and reviewed all patients in the electronic medical records (EMR) at our institution with a date of birth from 1 January, 2011 to 1 June, 2017 and a status of "deceased" in our EMR, indicating that either the patient died at our institution, or died at an outside location with subsequent notification sent to our institution. The date of death was used to select only infants who died at <365 days (1 year) of age. Patients with the exact date of death missing from the EMR were included only if documentation was clear enough to indicate an age at death of <365 days. Stillbirths or products of conception after pregnancy termination were excluded. We performed a review of the EMR for these infants, focusing on the genetic evaluation and genetic diagnosis. Data were collected in a REDCap (Research Electronic Data Capture) database hosted at Boston Children's Hospital [19] . Infants were considered to have had a genetic evaluation if a postnatal genetics consultation was performed or a genetic test was sent. They were considered to have had a genetic test sent if a molecular or cytogenetic test was sent on a germline sample (genotyping and karyotype analysis of tumor tissue, for example, were not included). The criteria used to determine whether a genetic diagnosis was made via laboratory testing and via clinical ascertainment have been described previously [4] . Redirection of care was defined as having necessary medical treatments withheld, if a decision was made to not escalate care or to redirect the goals of care toward comfort measures, or if a do-notresuscitate (DNR) or partial DNR order was in place. Withdrawal of life support was defined as death occurring following the planned removal of life-sustaining therapies, such as mechanical ventilation, oxygen, or vasoactive medications (infants who were terminally extubated in the setting of an unsuccessful code event were not considered to have had life support withdrawn). Infants were considered to have a major congenital anomaly if documentation indicated the presence of a congenital structural abnormality with "significant medical, social, or cosmetic consequences for the affected individual" that "typically require medical intervention" per the definition of the Centers for Disease Control and Prevention [20] .
The retrospective portion of our study was approved by the Boston Children's Hospital Institutional Review Board (BCH IRB) with a waiver of informed consent, due to the nature of the study. A subset of these patients, who were admitted to the NICU at our institution, has been published previously [4] .
Several of the deceased probands and their parents had been enrolled in a multidisciplinary BCH IRB-approved protocol within the Gene Discovery Core of The Manton Center for Orphan Disease Research (ClinicalTrials.gov Identifier: NCT02743845), enrolling patients with rare diseases for genetic diagnosis, novel disease gene discovery, and therapeutic investigation (written informed consent or assent, where appropriate, was obtained). Via this mechanism and collaboration with the Center for Mendelian Genomics at the Broad Institute of MIT and Harvard, ES and data processing for eight patients, and genome sequencing (GS) for two additional patients, was performed by the Genomics Platform at the Broad Institute of MIT and Harvard. ES was performed using an Illumina (San Diego, CA) exome capture (38-Mb target) and sequenced (150-bp paired reads) to cover >90% of targets at 20× and a mean target coverage of >100×. ES data were processed through a pipeline based on Picard, and mapping was done using the BWA aligner to the human genome build 37 (hg19). Variants were called using the Genome Analysis Toolkit (GATK) HaplotypeCaller package version 3.4. For GS, PCR-free preparation of sample DNA (350 ng of input at >2 ng/µl) was accomplished using Illumina HiSeq X Ten v2 chemistry (San Diego, CA). Libraries were sequenced to a mean target coverage of more than 30×. GS data were processed through a pipeline based on Picard, using base quality score recalibration and local realignment at known insertions/deletions (indels). The BWA aligner was used for mapping reads to the human genome build 37 (hg19). Single-nucleotide polymorphisms (SNPs) and indels were jointly called across all samples using GATK Haplotype-Caller package version 3.4. Default filters were applied to SNP and indel calls, using the GATK Variant Quality Score Recalibration approach. Annotation was performed using Variant Effect Predictor.
Research ES for four patients was performed by methods described previously [21] , two had ES performed by a commercial lab (Ambry Genetics, Aliso Viejo, CA) on a research basis (this was the second ES test for one of these patients), and an additional patient had research ES performed by Beijing Genomics Institute (Cambridge, MA). Sanger sequencing by standard methods was used for diagnosis in one patient and to confirm all research ES findings. Two infants had clinical ES performed as part of the BabySeq study [22] and five had clinical ES performed by GeneDx (Gaithersburg, MD) as part of a BCH IRBapproved rapid ES study.
Statistical analysis was performed using SPSS (Version 23.0, IBM Corp., Armonk, NY), using descriptive and chisquare analyses, and a two-sided Fisher's exact test to compare variables when appropriate.
Results

Characteristics of the study population
Five hundred and seventy three deceased infants were identified ( Fig. 1) . A total of 330/573 (58%) were male and 243/573 (42%) were female. Five hundred and twenty six infants were evaluated at our hospital (clinic visit or admission) or by one of our physicians consulting at another hospital; 28 infants had records available at our hospital but were never seen, and 19 were registered at our hospital but had no medical records. Additional patient characteristics are presented in Table 1 .
Genetic diagnosis
A genetics consultation was performed for 211/573 (37%) infants, either at our institution (195/573, 34%) or at an outside institution (16/573, 3%). In total, 236/573 (41%) had a postnatal molecular or cytogenetic test sent either at our institution or elsewhere (results of testing sent at our institution are presented in Table 2 ). Overall, 288/573 (50%) patients had either a prenatal diagnosis made or had a postnatal genetics evaluation consisting of either a consultation, clinic visit, or molecular or cytogenetic test sent.
In total, 124/573 infants (22%) had laboratoryconfirmed genetic diagnoses through either a clinical or a research laboratory ( Supplementary Table 1a -d, online, with diagnoses made or confirmed at our institution highlighted in gray). A total of 27/124 (22%) diagnoses were made prenatally, 64/124 (52%) in the postnatal period prior to demise, and 24/124 (19%) postmortem, with an additional 7/124 (6%) postmortem diagnoses made via research testing (the timing was unclear from the medical record for two premortem diagnoses). The exact date of postnatal/premortem diagnosis was available for 44 infants with a median age at diagnosis of 47.5 days (interquartile range 19-72 days). Definitive clinical diagnoses were made prior to laboratory confirmation for 39/65 (60%) of postnatal or postmortem diagnoses for whom sufficient information was available in the medical record to make this determination. The testing modality leading to diagnosis is shown in Fig. 2 . Notably, only 14 infants had postnatal clinical ES at our institution and 6 at outside institutions, 8/20 (40%) of which led to a diagnosis; two infants had prenatal ES and both were nondiagnostic. Most of these ES were performed recently, with 18/20 (90%) returning results in 2016 or later. In addition, 16 infants had research ES (14) or GS (2), with 6/16 infants diagnosed (38%). Five of these diagnoses were caused by known disease-associated genes and one was a novel syndrome that had not previously been described [23] . Three additional candidate novel disease genes are currently under investigation and these results are considered variants of uncertain significance (VUS) at this time ( Table 2 ). The total yield of ES/GS, including clinical and research tests performed at both our and at outside institutions, was therefore 14/36 (39%) infants diagnosed. The majority of postnatal ES/GS were performed as a trio: 25/36 had trio ES (69%), 5/36 (14%) had singleton ES performed, 3/36 had quad ES/GS (8%; one quad GS was performed with two affected sibs), and 1/36 had duo ES (3%; proband and mother); type of ES (proband vs trio) was not known for 2/36 (8%) infants. The yield of ES/GS performed with at least one parent was not significantly higher than proband-only ES/GS (12/29, 41% vs 2/5, 40%, p = 1.0).
A major congenital anomaly was present in 333/548 (61%) infants (this information was unknown for 25 infants). Of these, 191/333 (57%) had a genetics evaluation and 93/333 (28%) had a laboratory-confirmed diagnosis. Of the infants without a major congenital anomaly, 31/215 (14%) had a genetic diagnosis (p < 0.001). Infants with a major congenital anomaly represented 93/124 (75%) of the confirmed genetic diagnoses. 
Types of genetic disorders
Genetic diagnoses are presented in Supplementary  Table 1a -d (online). 67/124 (54%) infants had chromosomal disorders, including aneuploidy syndromes: most commonly Patau syndrome/trisomy 13 (5/67, 7%), Edward syndrome/trisomy 18 (8/67, 12%), and Down syndrome/ trisomy 21 (20/67, 30%); and microdeletion disorders: most commonly Jacobsen syndrome (chromosome 11q23 deletion) in 4/67 (6%) and 22q11 deletion syndrome in 8/67 (12%). In addition, 58/124 (47%) had monogenic conditions: most commonly inborn errors of metabolism (13/58, 22%), spinal muscular atrophy (SMA) (9/58, 16%), autosomal recessive polycystic kidney disease (ARPKD) (4/58, 7%), or CHARGE (coloboma, heart defect, atresia choanae, restricted growth and development, genital, and ear abnormalities) syndrome (3/58, 5%). Two infants had two syndromes diagnosed (one with Trisomy 21 and galactosemia, and one with both Cat Eye and Klinefelter syndromes) and nine had two chromosomal diagnoses (such as that resulting from an unbalanced translocation). Diagnoses by testing modality and year are presented in Fig. 3 , illustrating the increasing use of massively parallel sequencing-based tests, such as gene panels and ES in more recent years. Supplementary  Table 1a -d (online) were classified as having "positive" results in Table 2 (reflecting the results of testing performed at our institution), with the exception of 24 infants with prenatal diagnoses that were not confirmed postnatally at our institution, 34 infants diagnosed at an outside institution without a positive test at our institution, and one infant with single gene sequencing performed on a research basis that returned positive. Three infants had results reported by the clinical diagnostic laboratory as VUS that we considered disease-causing: one infant with a congenital heart defect had a diagnosis of chromosome 22q11 duplication with evidence of possible pathogenicity in the literature [24] ; a second infant with a clinical diagnosis of tuberous sclerosis had a variant in TSC2 that was reported as a VUS, but the infant's clinician had determined it to be likely pathogenic; a third infant had a reported VUS in IKBKG that was later found to be pathogenic [25] . An additional five infants had "positive" results found on molecular testing but were not considered to be "diagnosed" as these variants did not explain the predominant clinical presentation: one with a de novo likely pathogenic variant in EP300, who lacked clinical features of Rubinstein-Taybi syndrome as ascertained by her clinical geneticist, one with an inherited variant in FLG that did not explain the phenotype, one with a Table 2 as their relevance to the underlying presentation is unclear. These intricacies highlight the complexity of diagnostic genetic testing and the challenges in variant interpretation, particularly in a population of deceased infants that may not be fully manifesting Test could have more than one category of result (e.g., one pathogenic variant and one VUS) c Includes targeted mutation analysis and sequencing of select exons d Includes sequencing and deletion/duplication panels, which are often combined as a single test. Gene tests ordered as a panel but that resulted individually were counted as separate single gene tests e In addition, one patient had researched single-gene sequencing with a positive result f Candidate novel disease genes Fig. 2 Testing modality leading to diagnosis. Of the 25 "unknown" modalities, 18 were chromosomal aneuploidy syndromes, three were diagnoses of chromosome 22q11 deletion syndrome, two were single gene disorders, one was a tumor variant confirmed in a germline tissue, and one was a chromosomal translocation. Three of the deletion/ duplication diagnoses were chromosomal, and the remainder represented deletions in single genes. FISH, fluorescence in situ hybridization 
Infants with diagnoses presented in
Reporting of genetic disorders
Death certificates were available in the EMR for 67 infants with clinical laboratory-confirmed genetic diagnoses. A total of 41/67 (61%) indicated an underlying genetic disorder, including 8/12 (67%) infants with prenatal diagnoses, 25/37 (68%) infants with postnatal diagnoses, and 8/18 (44%) infants with postmortem diagnoses ( Supplementary  Table 1a-d, online) .
Discussion
We present a description of the prevalence of laboratoryconfirmed genetic disorders within a large cohort of deceased infants using data from our institution, which, at 22%, is higher than prior estimates. While prior studies have suggested that this prevalence is in the range of 5-32% [1, 2, 5, 6, 11] , information regarding confirmed molecular or cytogenetic diagnoses in these patients is often not provided. For example, a report of 32% of infant deaths (16 deaths total) in a NICU attributable to a "recognized syndrome or genetic or metabolic disorder" in the year 2002 did not provide further diagnostic detail [1] . These diagnoses may therefore include associations, such as VAC-TERL (vertebral anomalies, anal atresia, cardiac anomalies, tracheo-esophageal fistula, renal anomalies, and limb anomalies) for which the genetic etiology, if any, remains unknown, in addition to laboratory-confirmed genetic disorders, such as Down syndrome, thus offering limited insight into this issue. Amongst the studies that do provide details on presumed laboratory-confirmed diagnoses, the prevalence is much lower, around 5-15% [2, 5, 11] , likely because the majority of patients in those studies have not had a comprehensive genetic evaluation. In addition, studies published prior to the widespread use of massively parallel sequencing generally focused on findings detectable by fluorescence in situ hybridization, karyotype, or chromosomal microarray, and do not include testing for many single gene disorders (since these often require ES or the use of gene panels to make a diagnosis in the neonatal period), thus likely underestimating the prevalence of monogenic disorders in particular. Indeed, we have demonstrated that within our cohort, diagnoses made by sequencing-based tests have risen in the past several years owing to the increasing use of massively-parallel sequencing technology in clinical diagnostic laboratories. This number will likely continue to increase, as both we and others have shown that deceased infants represent a highyield cohort for genetic diagnosis by ES, with diagnostic yields of 48% [15] and 55% [18] in recent studies. Though we found relatively few infants in our study that had ES as the sole, or first-tier, molecular genetic testing modality, this practice is becoming more commonplace both at our institution and others. Therefore, it is important to bear in mind the limitations of ES, particularly the lower sensitivity for exon-level deletions and duplications and triplet repeat disorders and the inability to detect disorders of methylation. With the exception of SMA, we did not find many disorders of this type within our cohort; it is unclear whether this reflects a lack of targeted testing (e.g., for imprinting or triplet repeat disorders) or whether infants with these disorders were absent from our cohort. However, our results do demonstrate that SMA is an important contributor to infant mortality that may be missed if ES were relied upon as the sole testing modality.
As massively-parallel sequencing technologies for diagnosis, particularly ES and GS, are increasingly applied in the neonatal or infant period and have demonstrated great diagnostic utility [15-18, 26, 27] , it is likely that the understanding of the phenotypic spectra for many Mendelian disorders will continue to broaden and that additional Mendelian disorders will be recognized as contributors to infant mortality. The increasing use of ES and GS is therefore likely to continue to influence the landscape of known genetic contributions to infant mortality. Furthermore, it has been argued that increasing usage of ES/GS in the NICU will increase neonatal (<28 days of age) mortality by aiding parents in the difficult decision to transition to palliative care approaches that may shorten life or to withdraw life-sustaining treatments, even if infant (<1 year of age) mortality is decreased overall via the identification of treatable conditions [28] . Infants diagnosed with genetic disorders (by rapid ES/GS or standard techniques) have been shown to have a higher 120-day mortality rate than those without a diagnosis, which may reflect either the high diagnostic yield of particularly severe phenotypes or an acceleration of the time to redirection of the goals of care or withdrawal of life support [18] . In our study, most infants died after redirection of the goals of care or withdrawal of life-sustaining technology, as has been shown in the NICU [6] and, more recently, in deaths in a pediatric hospital [29] , which also suggests that the information gained from a comprehensive diagnostic genetic evaluation could be helpful for parents faced with these difficult decisions.
Prior studies regarding the genetic diagnostic evaluation of infants have generally focused on living infants for whom a diagnosis will ideally be identified prior to death and hence impact management [15, 18, 26, 27] . We report on our efforts at diagnosis not only during the infant's life, but also postmortem. In an era of declining rates of traditional autopsy [30, 31] , pursuing a "molecular autopsy", particularly via ES, may be a clinically useful surrogate [32] . Clinical genetic testing, including ES, is not routinely offered in the postmortem setting, due to lack of insurance coverage or the belief that the result may not be impactful. However, for the parents of infants who have died, the diagnostic odyssey may still be ongoing, and the establishment of a confirmed diagnosis may provide a sense of closure. It may also provide information important for future childbearing and can provide the opportunity for use of preimplantation genetic diagnosis or prenatal genetic testing for parents interested in preventing the birth of future affected children. Finally, establishing a confirmed diagnosis, even after death, affords the opportunity to learn more about disorders contributing to infant mortality. As an example, one infant (Study ID 171) for whom research ES was performed postmortem was ultimately diagnosed with early-onset encephalopathy due to biallelic variants in TBCD. This is a recently described disorder [33, 34] for which mortality data are scarce, thus the clinical suspicion for this diagnosis in a deceased infant may be low. Indeed, this diagnosis was not suspected in this infant prior to death, and without the use of ES, the parents would be left without a definitive diagnosis. Correctly identifying this recessive disorder, with a 25% recurrence risk, allowed for reproductive counseling to be provided. A second example of the utility of postmortem ES is an infant (Study ID 104) clinically diagnosed with CHARGE syndrome prior to death; however, postmortem ES identified a de novo variant in KMT2D, consistent with a diagnosis of Kabuki syndrome instead. While the phenotypic overlap between these disorders has been described previously [35] , and both are generally de novo, Kabuki syndrome was not suspected prior to the infant's death. Finding this explanation is instructive for the evaluation of future infants with multiple congenital anomalies, even for those who are clinically diagnosed with a particular disorder, and it strengthens the argument for expanded sequencing, such as ES in such cases.
In this era of emerging gene therapies and fetal interventions, understanding of the mortality burden of genetic disorders is crucial in order to advocate for the allocation of resources for research and therapeutics. For example, we report a substantial proportion of infants with SMA, for which antisense oligonucleotide therapy is now available and could potentially prevent infant deaths associated with this condition. As other new therapies are developed, it is important to understand the potential public health impact of these therapies and data, such as ours, that offer an opportunity to do so.
Finally, we have also demonstrated in our study that the category of deaths due to congenital anomalies may not be a suitable proxy for deaths due to genetic disorders. While a significantly larger proportion of infants with a major congenital anomaly had a confirmed genetic diagnosis (28%) compared with those without a major congenital anomaly (14%), 25% of diagnosed infants overall did not have a major congenital anomaly. As the reproductive implications may be drastically different between cases with an "isolated" congenital anomaly versus those attributed to genetic disorders, there is an urgent need for an increased understanding of both the distinctions and the overlap between these two categories of infant deaths.
Limitations of our study include the retrospective nature of our approach and our access only to information available in our EMR. Therefore, diagnoses may have been made or deaths may have occurred of which we were not aware. Our data regarding both the diagnostic genetic evaluation and the number of known diagnoses may therefore be an underestimate owing to the incomplete data that we have on these infants. Our cohort also appears to be relatively enriched for major congenital anomalies, reflecting our hospital as a quaternary care referral center, which may have led to an overestimate of the contribution of genetic disorders to infant mortality. As such, it is unclear whether our results could be extrapolated to infant mortality at the state or national level. While these are limitations of our study design, they reflect the difficulties in linking detailed phenotypic information to mortality statistics in the absence of a nationalized healthcare system. By capturing all registered cases of infant mortality at our hospital, we have provided the most diverse and phenotypically detailed cohort possible, though future efforts are certainly needed to incorporate genotype and phenotype information into mortality statistics.
While improving, infant mortality rates in the United States remain relatively high for a developed country [36] . Our data suggest a greater contribution of genetic disorders than has been previously appreciated. Our data also support the need for the expanded application of genetic testing, particularly ES, not only for critically ill infants, but also in the postmortem period as well, towards a greater understanding of the mortality burden of genetic disorders in infancy.
